T HE introduction of brain magnetic resonance imaging (MRI) into clinical practice brought with it the sensitivity to visualize white matter (WM) structural abnormalities, termed white matter hyperintensities (WMHs). WMHs are common in older persons and have been provisionally linked to WM demyelination, spongiosis, and glial proliferation. Because global WMH has been linked to impairments of mobility, cognition, affect, and continence ( 1 -3 ), we postulated that focal involvement of selected regions felt to be critical to bladder control could infl uence voiding and urinary incontinence (UI) in elderly adults ( 4 ).
at the University of Connecticut Health Center defi ning the relationship between WMH accrual and mobility impairments. Participants were recruited using a balanced 3 × 3 matrix, which was stratifi ed by age (75 -79, 80 -84, and ≥ 85 years) and mobility performance in terms of Short Physical Performance Battery (SPPB) scores (11 -12, 9 -10, and <9). Exclusion criteria included medications, systemic conditions (eg, arthritis, peripheral vascular disease), and neurological diseases (eg, neuropathy, myelopathy, Parkinson ' s disease, stroke), which could compromise mobility. Additional exclusion factors included cognitive impairment (Mini-Mental State Examination [MMSE] <24), corrected distance vision greater than 20/70, unstable cardiovascular disease (eg, myocardial infarction within 6 months, unstable angina), pulmonary disease requiring oxygen, inability to walk 10 m independently in less than 50 seconds, lower extremity amputation, weight greater than 250 lbs, claustrophobia, presence of a pacemaker or other metallic devices/implants, excessive alcohol intake, and expected life span less than 4 years. After initial screening, participants underwent clinical assessment plus MRI brain imaging. Functional status was evaluated in terms of instrumental activities of daily living (IADLs), SPPB, Center for Epidemiological Studies-Depression scale (CESD), and MMSE. Subsequently, 97 participants completed four validated UI assessment questionnaires. Participants were fully informed, provided consent before enrollment, and were blinded to the results of clinical, mobility, and imaging assessments. The protocol was approved by the institutional review board.
Incontinence Assessment Tools
Four validated UI assessment tools were administered. Incontinence was defi ned as a positive answer to the question, " During the last 3 months, have you leaked urine (even a small amount)? " ( 7 ) . Type of UI was evaluated by the 3IQ, a questionnaire that screens for and classifi es the type of UI using three items: presence of leakage, circumstances of leakage (urge with inability to reach toilet, with physical activity, neither with urge nor with physical activity), and the predominant type of UI (urge -urge UI, activity -stress UI, both urge and activity -mixed UI, neither urge or activity -other ( 7 )). UI severity was measured using the Urinary Incontinence Severity Index ( 8 ) in which leakage is characterized as none, slight, moderate, or severe based on the multiple of the scores for UI frequency ( " never " to " every day and/or night " ) and amount ( " drops or little " or " more " ). A short version of the Urogenital Distress Inventory (UDI-6 ; 9) measured the bother associated with lower urinary tract symptoms and UI using a 4-point scale (0 [not at all] to 3 [greatly]). IIQ-7, the abbreviated version of the Incontinence Impact Questionnaire ( 10 ), evaluated UI impact on function (eg, social activities, physical recreation) using a 4-point scale (0 [not at all] to 3 [greatly]); the sum of the scores for all items are then converted to a 100-point scale. To ensure consistency of responses, we compared individuals ' answers as they pertained to UI, UI type, and degree of bother with leakage, obtaining consistent answers 92% -100% of the time among incontinent individuals.
Brain MRI
A 3-Tesla Siemens Allegra (Siemens, Erlangen, Germany) was used to acquire the following MR brain scans: T1-weighted magnetization-prepared rapid gradient echo (MPRAGE), T2-weighted T2 three-dimensional fast-spin echo (T2), and T2-weighted fl uid-attenuated inversion recovery (FLAIR). Acquisition parameters and image preprocessing have been as described by Moscufo 
T1-Weighted Probabilistic Brain Atlas (International Consortium on Brain Mapping)
A reference brain atlas (International Consortium on Brain Mapping [ICBM]) was obtained from the Laboratory of NeuroImaging (University of California, Los Angeles; 13) . The ICBM provided brain WM, gray matter (GM), and cerebrospinal fl uid (CSF) probabilistic maps, which were then used for calibrating the segmentation method.
Brain Tissues Segmentation
MPRAGE and FLAIR images from individual participants were used in a semiautomated segmentation method to classify brain compartments into WM, GM, CSF, and T2 hyperintense WM (WMH). We obtained the fi nal output by combining segmentation maps using 3D-Slicer ( 14 ) and Freesurfer ( 15 ) applications. To correct for differences in head size, WMH volumes (mL) were normalized by the intracranial cavity (ICC) and expressed as fractions. ICC maps were obtained by using in-house software that identifi ed nonbrain tissues (skull, skin) from the T2 image set of each participant.
Regional WMH Burden
For regional analysis, we used a WM parcellation atlas (WMPA), the ICBM diffusor tensor imaging (DTI) 81 ( 16 ) . WMPA combines DTI-based WM and anatomical information to provide a functional map of approximately one third (32%) of total brain WM. WMPA was fi rst coaligned to the WMH segmentation map of each participant ( 13 ) and then used as a mask to measure WMH burden within selected regions of interest. WMH burdens were calculated by dividing the regional WMH volume (mL) by volume (mL) of the region and expressed as fractions. Frontal regions ( Figure 1C ) were manually outlined on the ICBM atlas brain to include frontal WM anterior to the precentral gyrus comprising association areas as well as parts of premotor areas. Frontal regions were divided into superior and inferior regions based on the outmost anterior tip of the lateral ventricles in axial view of the ICBM brain. These maps were subsequently warped to align them to each individual brain and used as mask to determine the frontal regional WMH volumes. These volumes were normalized and expressed as fraction of the subject ICC. Minimal or no WMH was observed in the brainstem and cerebellum upon independent review by a neuroradiologist, and thus, subtentorial regions were excluded from further analysis.
To establish a hypothesis-driven approach, focal WMH was measured within 11 brain regions based on published literature. We selected four frontal regions (right superior frontal, right inferior frontal, left superior frontal, and left inferior frontal) based on functional MRI (fMRI) studies demonstrating a failure of orbitofrontal activation in individuals with limited ability to suppress urgency during bladder fi lling ( 17 ) . We also included seven brain regions representing the location of relevant WM tracts: anterior corona radiata, inferior fronto-occipital fasciculus, cingulate gyrus, cingulate hippocampal portion, superior frontooccipital fasciculus, uncinate fasciculus, and genu of the corpus callosum ( Table 2 ). These anterior regions were chosen because they represented anticipated locations of WM tracts that play a potential role in bladder control ( 18 , 19 ) and overlapped with regions at risk for WMH ( 5 ) . Furthermore, the anterior corona radiata contains both descending prefrontal corticopontine projections and ascending thalamocortical (frontal/prefrontal) projections. These pathways normally exert inhibitory bladder effects ( 19 ) and if compromised could contribute to urge UI as suggested for normal pressure hydrocephalus ( 20 ) .
Statistical Analysis
SAS version 9.1 (SAS Inc, Cary, NC) was used for the statistical analysis. Descriptive statistics are expressed as mean (standard deviation) or frequency (percent). Several UI measures were used as dependent variables: wet versus dry, urge versus other, UI severity, degree of bother, and functional impact. All 97 participants were included in the analysis of wet versus dry and incontinence severity (with dry participants given a severity of " none " ). All other analyses included only the 62 incontinent participants. Multivariate logistic regression analysis (both logit and multinomial, depending on outcome variable) was performed to evaluate MRI variables that signifi cantly contributed to prediction of the UI measure (wet vs dry, urge vs other, incontinence severity). Linear regression analysis was used for continuous measures (degree of bother and functional impact). Each model had one MRI variable, as well as age and gender. Finally, for each outcome, any signifi cant MRI variables, SPPB, CESD, age and gender were entered into a stepwise regression. A two-tailed level of a ≤ .05 was the threshold for statistical signifi cance.
R esults

Participant Characteristics
At baseline, the cohort was elderly (mean = 82.1 ± 4.1 years, range 75 -89 years; Table 1 ). All participants were non-Hispanic whites. Enrollment was stratifi ed by age, gender (female, 60%), and mobility creating three mobility groups -normal mobility (SPPB = 11 -12), mild impairment (SPPB = 9 -10), and moderate impairment (SPPB <9) of comparable age and gender. Fifty-eight participants were woman, 49 (51%) were married, and 47 (48%) lived alone: the majority 74 (76%) in their own house or apartment. The average participant took 5.3 ± 2.9 prescribed medications, including anticholinergics in 7 (11%). Mean IADL (23.5 ± 1.1%), CESD (8.2 ± 6.7), and MMSE (28.4 ± 1.3) scores indicated that most were independent with normal affect and cognitive function.
Incontinence Prevalence and Characteristics
Almost two thirds, 62 of 97 (64%), reported UI. Urgency was the only or predominant type of UI in 37 of 62 (59.7%) Figure 1 . Example of magnetic resonance series and regions of interest (ROIs) used in the study: ( A ) MPRAGE, ( B ) FLAIR, and ( C ) frontal right (blue) and left (green) ROIs overlaid to a FLAIR image on which the areas of white matter (WM) hyperintensity are outlined in red (output of the segmentation method); ( D ) a FLAIR image overlaid with some of the selected WM tracts -based ROIs, namely, genu of the corpus callosum (green), anterior corona radiata (orange-brown), cingulum/cingulate gyrus (purple), superior fronto-occipital fasciculus (light blue). Note : View is from top of the brain. FLAIR = fl uid-attenuated inversion recovery; MPRAGE = magnetization-prepared rapid gradient echo.
and stress in 8 of 62 (12.9%). Other categories of UI were described by 11 of 62 (17.7%) and mixed UI by 6 of 62 (9.7%). Overall, 36 of 62 participants (58%) reported moderate -severe UI. Symptoms directly related to UI were especially important contributors to a sense of bother. For example, although urgency-related leakage was described as a moderate -severe contributor to bother by 28 of 62 (45%) of the incontinent participants, pelvic pain/ discomfort was described in this manner by only 5 of 62 (8%). Only 18 of 62 (29%) of incontinent participants noted a moderate -severe impact on quality of life based on their responses to the IIQ. Finally, incontinent participants were 4.5 times more likely to be female (73% vs 27%; p < .001; unadjusted odds ratio 4.48, 95% confi dence interval [CI] 1.85 -10.84), have lower SPPB scores (8.9 ± 2.4 vs 9.8 ± 1.5; p = .02), and higher values on CESD scores (9.5 ± 6.9 vs 6.0 ± 5.7; p = .01). Trend analysis showed that the proportion of women increased with UI severity (58% mild, 74% moderate, and 94% severe; p <.01).
Global WMH
Global WMH expressed as fraction of brain volume predicted UI severity ( c 2 = 7.0; p = .008) and degree of bother ( t = 1.99; p = .052) when controlling for age and gender. n/a n/a n/a n/a n/a Dry/Slight 26 (27) 26 (42) 16 (43) The hippocampal portion of the cingulum may play a role in bladder control by integrating inputs from autonomic and emotional nervous systems with frontal cortical control ( 19 ) .
Genu of corpus callosum
Corpus callosum connects the two hemispheres and the genu (anterior) portion contains frontal pathways that could be part of a network activated during bladder control ( 17 ) . Inferior fronto-occipital fasciculus These connections between frontal cortex, peristriate, and temporal lobe may be activated during normal bladder control ( 6 , 17 ) . Superior fronto-occipital fasciculus This tract connects occipital, parietal, and temporal regions to prefrontal and frontal cortex, with a potential role in mediating voluntary control of micturition ( 6 , 19 ) .
Uncinate fasciculus
Uncinate fasciculus is part of a network with temporal -orbitofrontal connections, with a potential role in bladder control ( 17 , 19 ) .
Frontal WMH WMH was measured within superior, inferior, and total right and left frontal regions ( Tables 2 and 3 ). None of these regional WMH burdens predicted presence of UI, category of UI, degree of bother, or impact on function ( Table 3 ). In multivariate logistic regression models, which controlled for gender and age, UI severity was predicted by WMH located within the right frontal (1.05; 95% CI 1.00 -1.10) and right inferior frontal (1.33; 95% CI 1.00 -1.77) regions ( Table 3 ) . Similar relationships, but with a borderline signifi cance, were observed with WMH located in left frontal and left superior frontal regions ( Table 3 ). Because these regions had near-signifi cance values, all were entered into a stepwise regression along with SPPB score, CESD score, age, and gender. In the fi nal model, the total portion of WMH in the right frontal region ( p = .045), SPPB score ( p = .036), and gender ( p = .0002) remained.
Anterior WM Tracts
Using a mechanism-guided and hypothesis-driven approach, we explored relationships between UI and amount of WMH within seven WM tracts ( Table 2 ; Figure 2 ). In none of these tracts did WMH predict type of UI present or its impact on functional status ( Table 4 ) .
UI was predicted by WMH burden within the cingulate gyrus (1.52; 95% CI 1.01 -2.3). A similar relationship, but with a borderline statistical signifi cance, was observed both with the cingulate hippocampal portion (1.21; 95% CI 0.99 -1.5) and with the superior fronto-occipital fasciculus (1.10; 95% CI 0.99 -1.22). When these MRI variables were entered into a stepwise regression along with SPPB, CESD score, age, and gender, only the cingulate gyrus ( p = .047) and gender ( p = .001) remained.
UI severity was predicted by WMH burdens within the anterior corona radiata (1.05; 95% CI 1.01 -1.09), cingulate gyrus (1.26; 95% CI 1.02 -1.55), cingulate hippocampal portion (1.13; 95% CI 1.01 -1.27), and the superior frontooccipital fasciculus (1.07; 95% CI 1.01 -1.14). UI-related bother was predicted by WMH in the anterior corona radiata (0.37; 95% CI 1.01 -1.09) and, with borderline signifi cance, the superior fronto-occipital fasciculus (0.48; 95% CI − 0.04 to 1.00). For each of these outcomes, MRI variables were entered into a stepwise regression along with SPPB score, CESD score, age, and gender. Only the anterior corona radiata ( p = .005) and gender ( p < .0001) remained in the model predicting UI severity and anterior corona radiata ( p = .022) in the model predicting UI-related bother.
D iscussion
Incontinence Burden
Gender, but not age, emerged as a major risk factor in our study, refl ecting the great vulnerability of elderly women to incontinence, plus the fact that only individuals 75 years and older were recruited. Stress UI represents the dominant contributor to UI among younger women; yet, with aging its prevalence rate declines, whereas that for urge UI increases ( 21 ) . Nearly two thirds of our incontinent participants reported predominant urge UI, whereas only 8 (13%) reported stress UI. These numbers are similar to a study that provided urodynamic evidence of detrusor overactivity among 61% of incontinent elderly nursing home residents and stress UI in 21% ( 22 ) . Finally, in keeping with our fi ndings, declines in mobility ( 23 , 24 ) and depression ( 24 ) have been shown to raise the risk of UI.
Global WMH Measures and Incontinence
Only 2% of the population are completely free of WM lesions on MRI ( 25 ) . In spite of an interest in establishing WMH as a predictive risk factor in geriatrics ( 2 , 3 ) , only two studies have evaluated the relationship between UI and global WMH ( 1 , 26 ) , and none have performed a regional analysis. In a study of 63 older women and men, Sakakibara and colleagues ( 1 ) provided urodynamic evidence of detrusor overactivity in 82% of individuals with grade 1 -4 WM lesions, as compared with 9% of those with grade 0 lesions. Urinary symptoms as well as cognitive and gait defi cits increased with higher grades of WM lesions ( 1 ). In contrast, Sitoh and colleagues ( 27 ) observed no relationship between radiologist-derived impressions of signifi cant WM lesions and UI.
Central Nervous System Control of Micturition and Focal WMH
Refl ex voiding is mediated via sacral afferent inputs, the pontine periaqueductal gray (PAG) nucleus, the pontine micturition center, and sacral efferent outputs ( 4 ). Several positron-emission tomography (PET) and fMRI studies have highlighted the role played by suprapontine central nervous system (CNS) circuits that inhibit PAG-mediated refl ex micturition, thus controlling voiding and ensuring that it takes place in a socially acceptable context ( 4 ).
Focal WMH Within Frontal Regions
Right inferior frontal gyrus is active during both urine storage and micturition ( 4 ). These and other prefrontal regions appear to be involved in the decision on when and where micturition should occur ( 4 ). Individuals with " poor bladder control " and diminished ability to sustain bladder suppression demonstrate weak orbitofrontal activation during bladder fi lling ( 17 ) . Our studies demonstrated no relationship between frontal WMH and UI, type of UI, or its impact on function. However, when WMHs are located in right frontal regions, they predict UI severity and degree of bother. Instead of suggesting a role for WMH as a primary risk factor for urgency, they may be indicative of a decreased ability to compensate for and cope with an unexpected detrusor contraction. The absence of a relationship between frontal WMH and functional impact suggests that these individuals are still able to cope and compensate. A WM parcellation atlas was used to generate images of the following regions of interest: anterior corona radiata (orange-brown), inferior fronto-occipital fasciculus (yellow), cingulum/cingulate gyrus (purple), cingulum/hippocampus (blue), superior fronto-occipital fasciculus (light blue), uncinate fasciculus (gray), and genu of the corpus callosum (green).
CNS Connectivity
Retrograde transneuronal labeling animal experiments, combined with human PET and fMRI studies, have provided important insights into the nature of neural circuits involved in bladder control ( 4 ) . A mathematical physiophysiological connectivity analysis of fMRI studies performed during urodynamic studies supports the hypothesis that losses in CNS connectivity may play a role in urge UI ( 19 ) . Right insula and anterior cingulate gyrus may normally suppress micturition during bladder fi lling, and with failure of this mechanism in individuals with detrusor overactivity, there appears to be a diversion toward compensatory pathways within parietotemporal regions ( 19 ) . DTI represents a powerful imaging tool for defi ning the nature and integrity of anatomical connections between specifi c brain regions. To guide future DTI analyses, we used a population-derived brain atlas to explore the hypothesis that presence of WMH in our participants overlapped with anticipated locations of physiologically relevant WM tracts.
Cingulum
Anterior cingulate cortex integrates sensory inputs from the bladder, providing cortical control over attention to bladder signals and types of response ( 4 ) . Potential responses to such signals range from voiding to recruitment of compensatory mechanisms (eg, urethral sphincter contraction), which allow voiding to be postponed ( 4 ). Our observation that presence of WMH in the cingulate gyrus predicts the presence and severity of UI is consistent with the earlier physiological roles. Moreover, none of the other anterior WM tracts selected for study predicted both UI and its severity.
Superior Fronto-Occipital Fasciculus
The superior fronto-occipital (subcallosal) fasciculus connects frontal cortex and insula with occipital, temporal, and superior temporal regions ( 27 , 28 ) . Superior fronto-occipital fasciculus and cingulum are separated by the corpus callosum, yet run parallel to each other, joining many of the same structures. These observations may help explain why WMH in both the cingulum and the superior fronto-occipital fasciculus predict UI severity and degree of bother.
Anterior Corona Radiata
Anterior corona radiata axons carry both efferent and afferent neural traffi c between the cerebral cortex and the caudal structures within the brainstem and spinal cord. Ventricular dilatation with normal pressure hydrocephalus may contribute to UI and gait disorders associated via tangential shearing forces on these fi bers ( 20 ) . Because DTI studies have failed to identify corticopontine tracts terminating upon the PAG nucleus or pontine micturition center, it is not surprising that WMH within the anterior corona radiata failed to predict UI. However, the ability of anterior corona radiata WMH to predict UI severity and degree of bother may suggest the presence of other, yet to be defi ned, relationships between these tracts and specifi c aspects of bladder control.
Inferior Fronto-Occipital and Uncinate Fasciculus, and Genu of Corpus Callosum
The inability of WMH in these regions to predict any UIrelated measures offers an important specifi city control. While also connecting anterior and posterior structures, the inferior fronto-occipital tract and uncinate fasciculus are more rostral. In contrast, although the genu of the corpus callosum is located in close proximity to both the cingulum and the superior fronto-occipital fasciculus, its fi bers connect left and right hemispheres. Thus, the impact of WMH on continence-related symptoms may depend upon the specifi c location, as well as direction of the WM fi bers affected by such lesions.
Study Limitations
Our study was originally powered to address mobility issues. As suggested by the CIs presented in Tables 3 and 4 , it is possible that some of our negative fi ndings may represent type II error. Furthermore, our fi ndings must be replicated in other populations, including cohorts that are more diverse and include a substantial minority representation.
Future Directions
Our fi ndings provide the fi rst evidence linking WMH within specifi c brain regions to UI measures. These observations will now permit the development of a hypothesisguided analysis of DTI data. Moreover, we will also be able to provide key longitudinal data linking specifi c categories of WMH to individual clinical outcomes. 
